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Effects of Various Deicing Chemicals on
Pavement Concrete Deterioration

Hyomin Leg, Rosert D. Copy, AniTa M. Copy, anDp PauL G. Spry

The deleterious effects of deicers on concrete pavements and bridges
hrave concemed concrete researchers for severat decades. The present
study experimentally investigates the effects of different deicers on
concrete deterioration. Laboratory simufations of environmental
conditions (wet/dry and frecze/thaw cycling) were conducted on
highway concrete samples with various deicer chemicals {MNaCl, CaCl,,
MgCl,, calcium magresinm acetate {CMA}of § different Ca/Mg ratios,
Ca-acetale, and Mg-acetate). Bach deicer produced characteristic effects
on the concrete samples by physicalty and chemically altering the
dolomite coarse aggregate, lhe dolomite coarse aggregate-paste interface,
and cement paste. Chloride solutions commonly promoted
decalcification of paste and altered etiringite to chlorealuminate.
Magnesiuen-bearing deicer solutions {e.g., CMA, Mpg-zcetate and MgCl)
caused severc paste deterioration by forming brucite and non-
cementitious magnesium silicate hydrale. For acetate solutions, the
effects caused by Ca-acetale on concrete deterioration was much less
severe than those caused by Mg-bearing acetates. For the experimentat
¢onditions uttlized herein, NaCl solution was the least deleterious to the
cement paste and aggregate. Key words: concrete, aggregate,
deterioration, deicers, secondary minerals.

INTRODUCTION

Dreterioration of concrete by deicers is related 1o complex pro-
cesses associated wilh physical and chemical alteration in ce-
ment paste and aggregates. It is affected by factors such as the
cation composition of the deicer, aggregale type, and aggregate
reaclivity. The present investigation evaluates these factors by
studying the effects of different deicers on lowa highway con-
crete. Cody et al, (J) determined the effects of NaCl, CaCl,, and
MgCl, solutions on the deterioration of concrete from lowa high-
ways and on Mg migration from dolomite coarse aggregate, In
the present investipation, a more detailed study was conducted
on the effects of NaCl, CaCl,, MgCL, CMA, Ca-acetate, and Mg-
acetate on the deterieration of concrete during freeze/thaw (F/M)
and wet/dry (W/D) conditions. Special attention was paid to the
secondary minerals that formed and the minera) changes that
occwrred as a direct result of deicers. Because acetates are less
detrimental than chlorides to the environment and to steel rein-
forcement in concrete, the effects of three acetates {calcium ac-
etate, magnesium acetate and calcivm magnesium acetate) were
examined to determine if one was less detrimental to concrete
than the others. In addition, the effects of different ratios of Ca-
acetate to Mg-acetate were examined to defermine the relative
aggressiveness of Ca and Mg ions,
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EXPERIMENTAL METHODS

Cores were taken from seven existing Iowa hiphway concretes of
different service records, and small 3cm x 1.5cm x 1.5¢m blocks
were cut from the cores. Two blocks from each core were immersed
in 100 ml of solution and sealed in cleaned polymethylpentene con-
tainers that were stored for 132 howrs at 58°C in a constant tempera-
ture chamber. The solutions used were 0.75 M CaCl-2H,0, MgCt,
-6H,0, NaCl, calcium acetate Ca(CH,C00), H,0, magnesium ac-
etate Mg(CH,COO),4H,0, and CMA based on a molar ratio of 37,
ie. 3[Ca(CH,C00),H,0] :7[Mg(CH,C00),-4H,0}, and distilled
water. Experiments were also conducted with five solutions of0.75
M CMA with different molar ratios of Ca-acetate and Mg-acefate
(5:3,7:3, 1:1,3:5, and 7:3). All solutions contained 0.01% sodium
azide to control bacierial growth.

Wet/Dry (W/D) experiments: Afler being immersed in solutions
at 58°C for 132 hours, blocks were removed from the sofutions,
dried at 58°C (=135°F) for 24 hours, air cooled to 25°C, retumned to
their immersion solutions at 25°C, and again siored at 58°C for 132
hours,

Freeze/Thaw (F/T) experiments: Samples removed from the
58°C solutions after 132 hours were air cooled 10 25°C and stored
for 24 hours in-a freezer at -4°C (25°F). The blocks were air
warmed to 25°C, returned to their respective solutions at 25°C,
and stored at 58°C for 132 hours.

All experiments were continued until visual signs of deterio-
ration were detected in samples, at which point the blocks were
washed and dried. Petrographic analyses of thin sections were
conducted with both transmitted and reflected tight in order to
identify specific areas to be studied by scanning electron mi-
croscopy (SEM}) and to supplement observations of features dif-
ficult to observe with an SEM such as color changes on coarse
aggregate margins. A Hitachi S 2460 reduced-vacuum scanning
electron microscope was used. Back-scattered images were taken
and energy dispersive analylical x-ray (EDAX} area mapping
was performed for 8i, AL, K, Na, O, Ca, Mg, S, Ct, and Fe. EDAX
point analyses were obtained at high magnification for minerai
identification. An accelerating voltage of 15 kV was generally
used for imaging, whercas EDAX point analyses were obtained
at 20 kv.

RESULTS AND DISCUSSION

Each deicer solution had characteristic effects on the concrete blocks
under freeze/thaw and wet/dry conditions. CMA caused the most
aggressive degradation of concrete in both W/D and F/T experi-
ments. A CMA-treated samples showed deterioration afier 15 cycles.



FIGURE I SEM micrograph and EDAX element maps showing
experimentaliy-induced deterioration after wet/dry eycling in
CaCl, of Nelson quarry conerete, US 63. Abundant brucite
precipitated in fhe interstitial voids of a light-colored dolomite
rim {Zone Ce}. In air entrainment veids, areas rich in Ca, Al,
and Cl probably are chloroaluminate, The limited 8§ concentra-
tions at the margins of air-entrainntent voids indicate
chloroaluminates have replaced ettringite that occurs abundantly
it untreated concrete voids,

Magnesium chloride wet/dry experiments werc ended after 23 cycles,
indicating rapid deterioration, but freeze/thaw cycling was less del-
eterious. Longevity of the F/T treated blocks is atiributed to precipi-
1ation of a protective coat of new mineral matter on the concrete
surfaces. Beneath the white coating, the paste was brown-colored
and crumbled, with random fractures. Calcium chloride wet/dry
experiments were typically terminated between 33 and 4% eycles,
indicating relatively miner deterioration, and frecze/thaw experiments
were even less damaging and a shiny, blue-gray protective mineral
coat formed on the concrete surfaces. Sodium chloride and distiiled
water were least destructive, giving similar durability in W/D experi-
ments, but NaCl was slightly more deleterious in F/T experiments.
NaCl-treated F/T blocks shewed surface roughening (dissolu-
tion), edge crambling, and a thin gray-white surface coating,
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FIGURE 2 High magunification SEM and EDAX maps showing
MSH feafures in cement paste. Abundant shrinkage cracks
developed in the MSH as a result of experimental wetldry
eycling in MgCl,, and especially wide cracks formed at the
boundary between quartz particles and cement paste, EDAX
element maps and point analysis indicates that CSH in cement
paste has largely changed to MSH. Calcium released by MSH
formation migrated into open spaces and precipitated as calcite.
Mg-, Al-, and Cl-rich material with minor Si, marked as ‘MACL’
formed in air voids.

Effects of Chloride Solutions

Calcium Chloride

Calciwm chioride deicing salts especially affected those concretes
containing reactive dolomite aggregates by enhancing dedolomitization
reactions that release magnesium to form brucite and magnesium
silicate hydrate (MSH). Alteration rims observed afier wet/dry and
freeze/thaw conditions appear similar to those seen in unireated con-
crele, which had resulted from reactions between the reactive dojo-
mite aggregate and paste during highway use. Major changes oc-
curred in an outer light-colored dolomite aggregate alteration zone
(FIGURE 1). The EDAX element maps show a decrease in Ca and
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FIGURE 3 SEM micrograph and EDAX element maps shiowing
the growth of brucite and calcite in Nelson quarry concrete
from US63 after wetiry cycling iz CMA. Brucite (br) and
caleite (Cal) grew in voids, Calcium silicate hydrate, CSH, in
the cement has changed to magnesium silicate hydrate, MSH,
with the development of abundant eracks. A wide solution
chaunel, which appears to develop becanse of paste disselution
by CMA, formed between a limestone coarse aggregate particle
and the surroundiug cement. Note that Si-rich crystals are
silicon earbide grains (Gr) from grinding powder used during
thin-section preparation.
a concomitant increase in Mg in this region as a resuli of calcium
chloride treatment. In these alteration rims, considerable volumes of
caicite existed withont sigmificant quantities of brucite, but CaCl,
produced abundant brucite and reduced the amount of calcite, An
inner dark dolomite alteration zone and a light-colored cement alter-
ation zone, both of which had developed during highway use, re-
mained essentially the same as they were in untreated samples. In
durable concrete with non-reactive dolomite aggregate, no alteration
zone effects occurred during wet/dry or freeze/thaw cycling.
Caleium chloride affected the cement paste of both durable and
non-durable concrete. The paste was markedly discolored. EDAX
element maps show that Cl is concentrated in these areas {FIGURE
13. Chloride concentration may be dug o the formation of calcium
chioride hydrare (3Ca0-CaCl, 12 H,0; Ca0-CaCl, 2 H,0) or 1o

FIGURE 4 High magnification SEM and EDAX maps showing
MSH features and void-filling minerals in cement paste. The
cement paste has attered to MSH and abundant shrinkage
cracks have developed as a result of CMA treatment. Caleium
released by MSH formation migrated to tiny open spaces
where it precipifated as calcite, Void-filling minerals show
varions composifions.

adsorption of Ct by calcium silicate hydrate (CSH). Discoloration
may be the result of iron released from calcium alumino ferrite hy-
drate (2).

Magnesium Chioride

Magnesium chioride produced distinctive alteration rims at the
margins of reactive dolomite aggregate. Much brucite formed in
an oufer lighi-colored dolomite rim, a feature not seen in the
corresponding aiteration rims of unireated material. New brucite
occurred in concrete subjected to wel/dry and freezesthaw con-
ditions and is morphologically very similar to brucite observed
in CaCl,-treated concrete.
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FIGURE 3 SEM micrograph and EDAX element maps showing
the growth of brucite and calcite in Nelson quarry concrete
from US63 after wetldry cycling in CMA, Brucite (br) and
calcite (Cal) grew in voids. Calcium silicate hydrate, CSH, in
the cement has changed to magnesium silicate hydrate, MSI,
with the development of abundant cracks, A wide solufion
channel, which appears to develop because of paste dissolution
by CMA, formed between a limestone coarse aggregate particle
and the smrrounding cement, Note that Si-rich erystals are
silicon carbide gratus (Gr) from grinding powder used during
thin-section preparation,
& concomitant increase in Mg in this region as a result of calcium
chioride treatment. Inthese alteration rims, considerable volumes of
calcite existed without significant quantities of brucite, but CaCl,
produced abundant brucite and reduced the amount of calcite. An
inner dark dolomite aiteration zone and a light-colored cement alter-
ation zone, both of which had deveioped during highway use, re-
mained essenttally the same as they were in untreated samples. In
durable concrete with non-reactive dolomite aggregate, no alieration
zone effects occurred during wet/dry or freeze/thaw cycling.
Caleium chioride affected the cement paste of both durable and
non-durable concrete. The paste was markedty discolored. EDAX
element maps show that Cl is concentrated in these areas (FIGURE
1). Chloride concentration may be due to the formation of caleium
chloride hydrate (3Ca0-CaCl, -12 H,0; Ca0O-CaCl, -2 H0) or to

FIGURE 4 High magnificaiion SEM and EDAX maps showing
MSH feafures and void-filling minerals in cement paste. The
cement paste has altered to MSH and abnrdant shrinkage
eracks have developed as a result of CMA treatment, Calcium
released by MSH forwation migrated to tiny open spaces
where it precipitated as caleite, VYoid-filling minerals show
various compositions,

adsorption of CI" by calcium silicate hydrate (CSH). Discoloration
may be the result of iron released from calcium alumino ferrite hy-
drate (2).

Magnesinm Chloride

Magnesium chloride produced distinctive alteration rims at the
meargins of reactive dolomite aggregate. Much brucite formed in
an outer light-colored dolomite rim, 2 feature not seen in the
corresponding alteration rims of untreated material. New bmcite
occurred in concrete subjected to wet/dry and freeze/thaw con-
ditions and is morphologically very similar to brucite observed
in CaCl -treated concrete.
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Magnesium chloride produced significant concrete crumbling
because of widespread replacement of CSH by non-cementitious
MSH resulting from reactions between Mg and the CSH cement
phase (FIGURE 2). Abundant shrinkage cracks developed in the
MSH. Using a modification of Bonen’s (3) equation, the general
reaction for the formation of MSH from CSH in Mg-chloride solu-
tion can be written as follows:
xCaOSlO THO +xMgClL tmHO = y MgO-5i0,nH,0 +

-y} Mg(OH) +x CaCl,-2H,0

where Hm=na+3x- y

This reaction suggests that displaced Ca®™ leaches out into
cement paste because CaCl, is highly soiuble and forms
portlandite, Ca(OH},, or calcuc.’aragomte CaCO,. Caleite asso-
ciated with brucite in air voids or in cracks m some samples
supports this conclusion. Needles of calcium carbonate and
brucite precipitaied on the surface of a MgCl,-treated sample.

Sodivm Chiloride

Sodium chioride produced no enbanced or new alteration rim
zones in either dolomite aggregate or cement paste in non-du-
rable concrete.  No reaction rims were observed in durable con-
crete. Brucile in the cement paste appears to be stable in NaCl-
treated concrete.

Ali chloride solutions produced chloroaluminate, Tis morphology
and occurrence in air-cnirainment voids suggest that it is tri-
chicroaluminate, 3Ca0-ALO, 3CaCl 32 H,0, resulting from the
replacement of pre-existing ettringite (FIGURE 1) in which Cl-sub-
stitutes for SO, jons in the ettringite structure:
3Ca0 ALG 3CaS0,-32H,0 + 3CaCl, = 3Ca0-ALO 3CaCl,
32H0+3 CaS0,

Traces of gypsum detected in a surface coating of the sample
block may have resulted during the above reaction. All chloride
solutions also appear fo cause paste deterioration by decalcifica-
tion. The release of Ca® from the paste is documented by the
precipitation of calcite crystals in the soluiions and by a surface
calcite coating on biocks treated with chloride solutions. It is
known that chiorides promote the leaching of Ca(OH), and pro-
mote the formation of porous CSH, but the reactions involved
are coniplex (4). Pre-existing brucite crystals in the cement paste
are stable n chioride-treated concrete.

Effects of Acetate Solutions

Caicium magnesium acetate solulions were the most damaging
of all solutions tested. Both wet/dry and freeze/thaw cycling in
CMA produced widespread and severe damage. Alteration rims
that formed at the interface between reactive dolomite aggEregate
and cement paste in CMA-treated concrete were almost identical
to those found in MgCl -treated concrete. Both durable and non-
durable concretc showed severe pasie deterioration. The main
causes of cement paste deterioration by CMA soiutions prob-
ably are non-cementitious MSH resulting from the replacement
of CSH and the formation of potentially expansive brucite.
Brucite commonly formed in air voids and at paste-fine aggre-
gate interfaces (FIGURES 3 and 4). Abundant shrinkage cracks
developed in the MSH, especially under wet/dry conditions,
Calcium ions displaced by the MSH-forming reaction precipi-
tated as than layers of calcite on the walls of open spaces such as
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air voids and between the aggregate and cement paste where brucite
also precipitated (FIGURE 1),

Another aggressive feature of CMA treatment was debonding
of fine aggregate particles. As shown in FIGURE 3, CMA solu-
tions penetrate the cement paste, especidlly along the bound-
artes between the fine aggregate and the cement paste where
they react with the CHS at the paste/fine aggregate interface and
form a thin layer of non-cementitions MSH. This MSH layer
resulted in debonding of fine aggregate from the paste. Second-
ary brucite was then precipitated in the large voids created by
loss of fine aggregate. As a result of the newly created voids, a
series of new minerals were observed frequently in those open
spaces.

Coarse dolomite aggregate was generally not subject to
debonding. in regions of the paste in which calcite had precipi-
tated during highway use, the CSH does not appear to change to
MSH, possibly becausc calcite precipitation during highway use
conditions reduced paste permeability to CMA solutions. As in
MgCl,-treated concretes, major amounts of new brucite formed
in air enfrainment voids where eitringite only was seen previ-
ously, and the ettringite in the voids was reduced in abundance
(FIGURES 2 and 4)}. According 1 Taylor (5), ettringite may be
decomposed by magnesium ions because brucite formation con-
sumes OH ions in pore solution that lowers pH < 10.5; such
conditions are outside the ettringite stability region. With CMA
treatraent, the destruction of pre-existing etiringite appears to be
even more complete than that resulting from magnesium chlo-

‘ride solutions. Calcium acetate treated sampies that contained

abundant ettringite before treatment showed no loss of ettringite,
thus confirming that decomposition of eftringite occurs due to
the pH decrease caused by the formation of brucite rather than
dissolution by acetate solutions, The reason for the greater dele-
rioration by CMA compared to magnesium chioride is not clear.
Experiments with CMA solutions containing different molar
ratios of Ca acetate {o Mg acetate (5.3, 7:3, 1:1, 3:5, and 7:3}
emphasized the role that the cation Mg?* has in concrele deterio-
ration by CMA solutions. In these experiments, only concrete
containing non-reactive Sundheim quarry dolomite coarse ag-
gregate was used in order to reduce reactive aggregate effecis.

Magnesitum Acetate

Paste deferioration by Mg-acetate solution was similar to that
occurring with CMA in which MSH and brucite formed at the
inierface between fine aggregate and paste and caused debonding
of the two components, Brucite with thin calcite layers formed
in air entrainment voids under both wet/dry and freeze/thaw con-
dition. Non-cementitious MSH formed in the cement paste.

Calcium Acetate

Ca acetate solutions produced much less paste deterioration than
CMA and Mg acetate, No new minerals formed in air entrain-
ment voids, and the fine aggregates were present in their pre-
treatinent condition. The only observed change in the cemen:
pasie was that calcium increased in the paste adjacent to coarse
dolomite aggregate during freeze/thaw experiments. Calcium
increase was probably due to calcite precipitation.



Leeetal.

Different Ca/Mg Ratios in CMA

These experiments showed that the Mg in CMA cleady is re-
sponsible for concrete damage. The rate of deterioration de-
pended on the percentage of magnesium in the mixtures. Ca
acetate produced little deterioration. For acetate solutions con-
taining both Ca and Mg, the Ca/Mg ratio of 7:3 had the least
effect on the concrete. In these solutions, the concrete blocks
developed a brown coloration and showed slight paste deterio-
ration with minor surface roughness and edge crumbling of the
blocks. A Ca/Mg ratio of < 3:5 was very detrimental to con-
crete, The conecrete blocks underwent major degradation by edge
and surface crumbling, and loss of paste and fine aggregate.
Freeze/thaw degradation was less pronounced than that in wet/
dry conditions but still significant,

According to Dunn and Schenk (4), a higher ratio of magne-
sium io calcinm should be beneficial for deicing use because of
higher sclubility and lower freezing pomt depression of magne-
sium acetate. However, the present study suggests that higher
Mg:Ca ratios may be more destructive and may produce prema-
ture concrete deterioration.

CONCLUSIONS

In our experiments, concrete samples were exposed to freeze/thaw
and wet/dry cycling in solutions containing different chloride and
acetate salts, These salts are currently used as deicers or have been
proposed as alternatives to those currently used. Our study ob-
served that magnesium in any form was very damaging to the con-
crete. Magnesium chloride produced significant concrete cnumbling
because of widespread replacement of CSH by non-cementitious
MSH. Caleiwm magnesium acetate solutions were the most damag-
ing of al solutions tested. Wet/dry and freeze/thaw cycling in CMA
produced widespread and severe damage with scaling from replace-
ment of calcium silicate hydrate with non-cementitious magnesium
silicate hydrate. Magnesitun acetate produced similar damage and
calcium acetate solutions preduced much fess aleration. On the basis
of our expeniments, the use of CMA with a high Ca:Mg ratio seeins
advisable to reduce potential premature magnesium-induced dete-
rioration,

Calcium chloride deicing salts caused characterstic deterioration
in concrete containing reactive dolomite coarse aggregate by
enhancing dedolomitization reactions that release magnesium to fonm
destructive brucite and MSH. Sedium chloride solutions were the
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least deleterious to concrete under our experimental conditions. All
the chloride solutions produced chloroalwninate, apparently chiefly
from replacement of pre-existing ettringite,

We must point out that the validity of extrapolating the results
obtained in our experimental conditions to those occwring un-
der road use conditions is uncerfain, and that our results and
conclustons should be taken as cautionary only. 'Long-term SEM/
EDAX studies comparing highway concreie treated under road
use conditions with CMA or other mapnesium deicers with simi-
lar concrete treated only with NaCl conditions should be per-
formed in order to evaluate the long-term safety of magnesium
deicers. We also should emplasize that we obtained our CMA
from mixfures of calcium acetate and magnesium acetate, Ex-
trapolation of results obtained with our mixtures fo those that might
result from the use of proprietary CMA may not be valid.
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